Background: Insulin Resistance (IR) has long been recognized as a characteristic of aging. Many studies recorded beneficial roles of Vitamin D3 (VD3) and L-Carnitine (LC) in obesity and type 2 diabetes.
Introduction
OVER the few last decades, there has been a robust increase in the number of aging populations with metabolic disorders [1] . Glucose tolerance increasingly deteriorates with advancing age leading to high prevalence of impaired glucose tolerance and type 2 diabetes in elderly [2] . Such impairment is primarily as a result of decreased insulin sensitivity coincide with diminished glucose utilization by peripheral tissues, a condition of what so called, Insulin Resistance (IR) [3] . Insulin resistance has been long recognized as a characteristic of aging in human and rodents [4] . Thereby, aging has been considered as a main risk factor for development of metabolic syndrome [5] . Insulin resistance could be increased with age in relation to several wellknown age-related changes, including hormonal changes, increased oxidative stress and inflammation [6] . Chronic, low-grade, systemic inflammation is widely accepted as a significant risk factor underlying aging and age-related type 2 diabetes [7] . Additionally, ageing-related IR usually presents low circulating levels of adiponectin [1, 8] . Adiponectin, an adipocytokine secreted from adipose tissue, is involved in diverse biological processes, including sensitization of the insulin receptor signaling pathway, suppressing inflammation, and triggering the mitochondria biogenesis [9] .
The skeletal muscle is regarded as the major site of IR in obesity and type 2 diabetes in elderly individuals [10] . During the ageing process, there is a gradual loss of the capability to adapt changing environments, alongside with excessive flux in fatty acids and impairment of fatty acids oxidation that are usually associated with development of Vitamin D is a lipid soluble vitamin synthesized from two main forms; Vitamin D2 (ergocalciferol) and Vitamin D3 (cholecalciferol). Both forms undergo two hydroxylation steps in liver and kidneys, generating the active Vitamin D3, 1, 25dihydroxyvitamin D (1, 25 [OH]2D) (calcitriol) [21] . Aging affects the formation of 1, 25 [OH]2D as a result of an age-related decline in renal function, which was further accentuated by decreased cutaneous synthesis and dietary intake of Vitamin D in elderly populations [22] . Beside the wellknown function of Vitamin D on bone and calcium homeostasis, a large body of evidences suggested a potential influence of Vitamin D on glucose homeostasis, insulin secretion and IR, among these are the presence of specific Vitamin D receptors on pancreatic β -cells [23] and other tissues, such as vascular endothelial cells, neurons, osteoblasts and myocytes [24] . Furthermore, Vitamin D deficiency was shown to be related to IR, glucose intolerance and Type 2 diabetes [24, 25] , whereas increased circulating 25(OH) D concentration was shown to be associated with decreased prevalence of IR [26] .
Many researchers suggested the positive impact of Vit. D supplementation on glucose homeostasis and IR, nevertheless , the results are still disputable. Vitamin D3 (VD3) administration was found to improve glucose and IR parameters in diabetic [27, 28] and non-diabetic insulin resistant models [25, 29, 30] . On the contrary, neither the glucose homeostasis nor the insulin sensitivity were changed by Vitamin D supplementation in human experimental studies [31, 32] . Therefore, it is unclear whether Vitamin D supplementation is beneficial or not in improving the glycemic control and IR in conditions of impaired glucose tolerance [33] . L-Carnitine (LC), a non-protein amino acid, is a ubiquitous constituent of mammalian plasma and tissues, mainly distributed among skeletal and cardiac muscles and found in plasma in the free or acyl-carnitine form [34] . It is supplied to the body through dietary sources (e.g., meat, dairy products), and by biosynthesis from essential amino acids, lysine and methionine [35] . The total LC levels in the serum, heart, and skeletal muscle were shown to be decreased in aged rats [36] . Carnitine functions to transport long-chain fatty acids across the inner mitochondrial membrane into the matrix for B-oxidation [37] and could promote oxidative glucose utilization and to improve insulin sensitivity [38] . Carnitine supplementation recorded beneficial effects in reducing the IR in fat rich diet and high fructose fed mice [34, 39] and could improve glucose tolerance during insulin-resistant states, such as diabetes and obesity [40, 41] . Nevertheless, a recent study showed that increasing carnitine availability did not modulate glucose tolerance or insulin sensitivity in diet-induced obese mice [42] . Additionally and up to our knowledge, the effect of LC on age-related IR in rats had not been yet investigated.
From the overmentioned data, we might hypothesize that VD3 or LC supplement could be beneficial in mitigating the aging associated IR. In this context, the present study was designed to evaluate the plausible modulating effect of vitamin D3 versus LC on alleviating the age-related IR in a naturally aging rat model, highlighting their possible underlying mechanisms.
Material and Methods

Chemicals and reagents:
1, 25(OH)2D3 was purchased from Sigma. Co, while LC was obtained from (Arab Company for Pharmaceuticals and Medicinal Plants, Cairo, Egypt). All other chemical reagents were of high purity and analytical grade.
Animals and study design:
This .
At the end of the experimental regimen (6 weeks), Oral Glucose Tolerance Tests (OGTT) were conducted on overnight fasted rats, as previously described [46] . Rats received 1g/kg glucose by gavage and rats' blood samples were taken intermittently from the tail veins and glucose levels were measured using a glucometer at 0, 30, 60, 90 and 120min. Then the glucose area under the curve was calculated by trapezoid method [47] .
Blood and tissue sampling:
The next day of performing the OGTT, overnight fasted animals were weighed and anaesthetized with urethane. Body weights were determined and the BMI were calculated based on the method of Novelli et al. [48] , where BMI (gm/cm 2 )=Body weight/length 2 . The rats then sacrificed by decapitation and blood samples were collected, allowed to coagulate, at room temperature, centrifuged at 3000rpm for 15 minutes and serum was stored at -20ºC, till used for estimation of fasting serum glucose and insulin levels, HOMA-IR index along with TNF-α , IL-6 and adiponectin levels. The gastrocnemius muscle was extracted divided into two parts. One part was homogenized as 10% (w/v) in cold 50mM phosphate buffer (pH 7.4) and centrifuged at 5000xg for 30min at 4ºC. The resultant supernatant was stored at -80ºC until used for determination of Silent Information Regulator-1 (SIRT1), TNF-α and Triglycerides (TGs) content. Total protein content was assessed according to the method of Lowry et al. [49] . The other part of muscle used for RNA extraction for assessment of Glucose Transporter-4 (GLUT-4) mRNA expression using quantitative real time RT-PCR.
Biochemical assessment: Glucose, insulin and HOMA-IR assay:
Serum glucose levels were estimated using oxidase-peroxidase method [50] , using kit (BI-OMED Diagnostics Company, Germany). Insulin was measured using a rat insulin ELISA kit (Sun-Red Biological Technology Co., Ltd, Shanghai. China). HOMA-IR was used as a marker for IR using the equation previously described by Matthews et al., [51] .
Determination of proinflammatory cytokines and serum adiponectin levels:
The levels of TNF-α in sera and skeletal muscle homogenates as well as the serum IL-6 level were determined using their corresponding ELISA kits purchased from (SunRed Biological Technology Co., Ltd, Shanghai. China), while serum adiponectin level was assayed using kits obtained from (Assaypro, Saint Charles, Missouri, USA), following the manufacturer's instructions.
Measurement of skeletal muscle SIRT1 and TGs content:
Skeletal muscle SIRT1 levels were measured using SunRed Biological Technology Co., Ltd, Shanghai. China), while the muscle TGs content was determined using colorimetric Biodiagnostic kits (Giza, Egypt) following the manufacturers' instructions.
Skeletal muscle GLUT4 mRNA expression:
Total RNA was isolated from gastrocnemius skeletal muscle using Gene JET RNA Purification Kit (Thermo Scientific, USA). Total RNA was reverse transcribed to produce cDNA by means of Revert Aid H Minus Reverse Transcriptase (Thermo Scientific, USA). The cDNA then was used as a template to detect GLUT4 mRNA relative expression using Step One Plus real time PCR system (Applied Biosystem, USA). The sequences of GLUT4 primer was as follow: F (5'-TTCTGG-CTCTCACAGTACTC-3'; R (5'-CATTGATGC CT-GAGAGCTGT-3') the housekeeping gene β -actin F (5'-TGGAATCCTGTGGCATCCATGAAAC-3'); R (5'-TAAAACGCA GCTCAGTAACAGTCCG-3'). Finally, mRNA relative expression was assessed using 2-∆∆ Ct method of Livak and Schmittgen [52] .
Statistical analysis:
The statistical analysis was conducted using the SPSS software. The collected data were subjected to one-way ANOVA followed by Tukey's Vit D3 versus L Carnitine Supplement in Alleviating Age-Related Insulin Resistance post hoc test to determine the significance between more than two groups. Data are expressed as the mean ± SD. p-value <0.05 was considered significant.
Results
Effect of VD3 or LC on body weight, BMI, glucose regulation and IR-related parameters:
As exhibited in (Table 1) , the body weights at the end of the experimental period in all studied groups were not significantly different from their corresponding initial values. The body weights and BMI of VD3 or LC treated-aged rats were not significantly different from that of aged group.
Additionally, significant elevation of fasting serum insulin level and HOMA-IR index were observed in aged rats versus YC ones. Meanwhile, there was insignificant change in the fasting glucose levels in aged versus YC group. VD3 or LC administration significantly decreased the levels of fasting insulin and HOMA-IR with no significant difference on fasting glucose level in treated VD3 and LC-aged groups versus aged group (Table 1) . Effect of VD3 or LC on serum TNF-α and IL-6 and adiponectin levels: As exhibited in (Table  3) , aged rats presented a significant elevation in serum levels of TNF-α and IL-6 by 2.11 and 1.51
In comparison to YC group, the values of fasting insulin, HOMA-IR along with blood glucose during OGTT and the AUC glucose were insignificant in the VD3-aged and LC-aged groups. Moreover, the values of these parameters in VD3-aged were insignificant versus LC-aged. These findings elucidated that both VD3and LC were equally effective in ameliorating the age-induced IR in this rat model. in all studied groups.
Data are expressed as mean ± standard deviation of a group of 10 rats. Significance of difference from young control group is illustrated as *: p<0.05. Significance of difference from aged group is illustrated as #: p<0.05.
fold, respectively, in comparison to YC rats. Meanwhile, a significantly lower serum adiponectin level by 38.5% was observed in aged rats versus YC ones. On the contrary, VD3 supplement in aged rats significantly reduced serum levels of TNF-α and IL-6 by 38.1% and 20.47% respectively, while LC administration in aged rats reduced serum levels of TNF-α and IL-6 by 54.64% and 32.28%, respectively, when compared with the untreated aged group, denoting a better effect of LC than VD3 in this regard (Table 3) .
Moreover, serum adiponectin level was significantly increased by 1.36 and 1.41 fold, respectively in VD3-aged and LC-aged rat, as compared to aged rats. However, the observed values of adiponectin in VD3 and LC-aged rats were still significantly different from those recorded in the YC group, which revealed that VD3 and LC partially restored the serum adiponectin levels (Table 3 ). 
Effect of VD3 or LC on skeletal muscle SIR T-1 and GLUt4 mRNA expression:
As presented in (Table 4 ) and Fig. (2) , levels of SIRT-1 and GLUT4 mRNA expression were significantly decreased by 29.8% and 50.4%, respectively, in skeletal muscle of aged group versus YC group. On the other hand, Vit D3 significantly increased SIRT1 levels by (1.07 fold increase) in VD3-aged versus aged group, while, no noticeable changes in SIRT-1 levels were recorded in LCaged versus aged group. Meanwhile, treatment of aged group with VD3 or LC significantly increased GLUT-4 mRNA expression by 1.80 and 1.84 fold, respectively, as compared to aged group, denoting their comparable effect on skeletal muscle GLUT4 mRNA expression. Young control Aged VD3-aged LC-aged Data are expressed as mean ± standard deviation of a group of 10 rats. Significance of difference from young control group is illustrated as *: p<0.05. Significance of difference from aged group is illustrated as #: p<0.05.
Effect of VD3 or LC on skeletal muscle TG and TNF-α :
The results of ( Table 4 ) revealed that the levels of TNF-α and TG levels were significantly increased by 2.52 and 1.89 fold, respectively in skeletal muscle homogenates of aged group versus YC group.
In comparison with the aged group, the levels of TNF-α and TG were significantly decreased by 27.16%, 30.9%, respectively in VD3-aged group, and by 58.02%, 45.18%, respectively, in LC-aged group. Moreover, a significant difference was observed in skeletal muscle levels of TNF-α and TG levels between the VD3-aged and LC-aged groups, referring the more prominent effect of LC than VD3 in this respect (Table 4 ).
Discussion
The interaction of multiple factors associated with aging contributes to age-related changes in IR noticed in elderly population [53] . The current study examined the development of IR in a naturally aging rat model. It was found that aged rats showed an increase in IR revealed by, significant elevation of HOMA-IR index which was supported by the significant fasting hyper insulinemia that seems to be a compensatory mechanism to maintain glucose homeostasis in light of high IR [53] . Our results were in line with previous observations [54, 55] . Additionally, the glucose clearance was slower in aged versus YC rats, so that the AUC glucose was significantly higher in aged group, which agree with earlier studies [56, 57] , and confirming the aging associated high IR and glucose intolerance.
Noteworthy, treatment with either VD3 or LC for 6 weeks were shown to counteract age-related IR, which was in accord with findings of previous studies [28, 35, 58, 59] . Moreover, their effect on IR was nearly comparable to each other's.
The effect of VD3 or LC on glucose tolerance and IR were previously attributed to their antiobesity and body weight lowering effects [59, 60] . Surprisingly, we did not find any significant differences in the body weight or BMI when VD3 or LC treated aged rats were compared with age matched non-treated counterparts. Thus, we could attribute their beneficial effect on IR to anti-obesityindependent mechanisms in this rat model. In support to this hypothesis, many studies elucidated that IR occurs in non-obese elderly humans [61, 62] . Moreover, both VD3 and LC were shown to mediate an improvement in IR regardless of their effect on obesity [25, 41, 45, 63] .
One of the mechanisms by which aging contributes to IR is chronic inflammation, in which mild persistent accumulation of pro-inflammatory cytokines, a phenomenon called; inflammaging, was observed in elderly and had negative impact on insulin signaling [64, 65] . In consistence, our results showed an increased level of serum TNFα and IL-6 alongside with increased TNF α in skeletal muscle of aged rats compared to YC ones.
In line with these findings, Al-Ghamdi and Aboodi [57] recorded a significant positive correlation between IR and pro-inflammatory cytokines in the sera and insulin sensitive tissues of aged rats, and stated that these cytokines can act in an autocrine and paracrine fashion to induce IR in peripheral tissues. These cytokines were also linked to reduction of the GLUT4 mRNA expression [66] , which consequently decreased glucose uptake by the muscle, as recorded later in this current study and supported previously [67] . Additionally, Plomgaard et al., [68] stated that increasing the serum level of TNF-α down regulated the insulin signaling and whole body glucose uptake; mostly via reducing the insulin-mediated glucose uptake by the skeletal muscle. TNF-α could stimulate the inhibitory phosphorylation of serine residues of Insulin Receptor Substrate 1 (IRS-1) [69] . Specifically, phosphorylation of these residues impedes the normal association of IRS-1 with insulin receptors, thereby impairing the downstream of insulin signaling [70, 71] . TNF-α could also induce skeletal muscle IR via suppressing AMPK signaling [72] . AMPK is a vital energy sensor that positively modulates insulin-dependent glucose uptake [73] and it is well known for its insulin sensitizing effects [74, 75] .
On the other hand, our investigations showed that treatment with VD3 or LC for 6 weeks significantly suppressed the notable increase in the inflammatory cytokines in the sera and skeletal muscle of aged rats, with superiority of LC above VD3 in this respect.
In line with this proposal, both VD3 and LC were shown to modulate the expression and release of TNF-α and IL-6 in different experimental models [76] [77] [78] [79] . Vitamin D3 could suppress NF-κB activation and consequently the transcription of its downstream targets, TNF α , in different cell types [80] [81] [82] including the muscle cells [59] . Meanwhile, LC could counteract the TNF-α -induced IR [83, 84] , possibly via its activation to AMPK signaling bathway and upregulating IRS-1 with a sequel of improvement of insulin signaling [75] .
Another important observation in this current study was the significant decrease in the serum level of adiponectin in aged group versus YC group, which came in line with previous reports [1, 8, 85] . This observed diminution in the circulating adiponectin levels may be as a consequence of age associated redistribution of adipose tissue and visceral adiposity which could influence the adiponectin level and insulin sensitivity [86] .
Adiponectin has been identified as a beneficial marker for metabolic disorders with its well documented insulin sensitizing effects [85] . It could maintain glucose homeostasis by increasing hepatic and muscle insulin sensitivity. Its insulin sensitizing effects could be attributed to its suppression to TNF-α expression [87] , its stimulation to AMPK signalling pathways in liver, adipose tissue and skeletal muscle as well as its promotion to fatty acid oxidation [88, 89] .
Notably, treatment with either vitamin D3 or LC increased serum adiponectin levels in VD3 and LC-aged rats compared to untreated aged ones. In accordance, it had been concluded that Vitamin D is involved in the regulation of adipocyte gene expression as well as cell signaling [90] . Vitamin D administration in type 2 diabetic patients can elevate serum levels of adiponectin, suggesting a role of Vitamin D in adiponectin secretion [91] . Furthermore, Minto et al., [92] suggested a potential association between low Vit. D levels and adiponectin and elucidated a significant dose-response relationship between Vitamin D3 supplementation and adiponectin levels. On the other side, LC was shown to enhance adiponectin secretion in nondiabetic subjects and diabetic rats [93] .Consistently, the beneficial effects of LC in a diabetic model was suggested to be related to its increment to adiponectin levels [35] . From the above overmentioned data, we may speculate that the effect of Vit. D3 or LC in mitigating the aging related IR could be mediated partially in part, via their induced increment of serum adiponectin.
Additionally and depending on the hypothesis of that during aging the skeletal muscle is the principle site where the early metabolic disturbances leading to IR take place [94] . The skeletal muscle SIRT1, and TGs levels alongside with GLUT4 mRNA expression were also assayed herein, for further dissecting the underlying mechanisms of age-induced IR with the possible modulating role of VD3 and LC in this aspect.
The findings of our research elucidated that, the IR observed in aging rats was in concomitance with a significant decline in SIRT-1 levels in skeletal muscle of aged rats versus YC ones. Similar results were recorded previously [18, 94] .
SIRT-1, through its dependent transduction pathways, is a well-established insulin sensitizer [95] . It plays a critical role in glycemic control; mediated via its activation to pathways involved in cellular energy metabolism, glucose uptake, and glucose production inhibition [96] . Upregulation of SIRT-1 was associated with enhancement of insulin-stimulated glucose uptake and downregulation of IRS 1 phosphorylation which consequently improved insulin signaling [95, 97] . Moreover, SIRT-1 could activate AMPK [98] and interact with it resulting in activation of the pathways that control cellular energy metabolism, mitochondrial biogen-esis and glucose uptake [96] . Consistently, studies suggested that activating AMPK could prevent and/or ameliorate IR [99] .
Interestingly, treatment with VD3 not LC could increase the SIRT1 levels in skeletal muscles of VD3-aged versus aged group. In agreement, an in vitro study revealed that VD3 could upregulate glucose uptake in myotubes, mediated by SIRT1/ IRS1/GLUT4 signaling cascade [100] . Consistently, the study of Manna et al., [101] signified the ability of VD3 to upregulate the SIRT1/AMPK/IRS 1/ GLUT4 cascade, which could mediate the promoting effect of VD3 on glucose uptake in diabetic mice model. Thus the increment of SIRT1 by VD3 might be a fundamental path to modulate glucose homeostasis, improving IR in this rat model.
A large body of evidence suggested that intramyocellular TGs were associated with skeletal muscle IR [102, 103] and accompanied by reduced glucose utilization and downregulation of insulin signaling through the phosphatidylinositol 3-kinase/ Akt pathway [104] [105] [106] .
Another key finding of our study was that TGs levels were significantly increased in the muscles of aged rats compared with YC ones, which was in concomitance with previous studies [1, 107] . An imbalance between fatty acid synthesis and oxidation with decreased fatty acid oxidation in skeletal muscle is one of the major factors leading to lipid accumulation and IR with aging [1] .
On the contrary, results herein revealed that both VD3 and LC significantly reduced TGs accumulation in the muscle of VD3-aged and LC-aged rats versus aged ones, with more prominent effect of LC in this respect. Our findings were in parallel with previous studies [1, 34, 43, 59] .
The effect of either VD3or LC could be attributable to their well-documented capabilities to activate AMPK [41, 108, 109] . AMPK had a pivotal role in regulating the skeletal muscle fatty acid metabolism with its ability to enhance skeletal muscle fatty acid oxidation and long chain fatty acid flux into the mitochondria, improving IR [108] . Additionally, Vit. D insufficiency was elucidated to be significantly and inversely associated with the degree of fat infiltration in skeletal muscle [110] . Vitamin D3 could reverse the intra muscular lipid infilteration through suppressing the expression of Sterol Regulatory Element-Binding Protein (SREBP)-1c [59] , which was shown to be increased in aging skeletal muscle [111] . SREBP-1c is a key transcription factor that regulates de novo lipogenesis in insulin-sensitive tissues including the muscle [112] . Aberrant activation of SREBP-1c leads to lipid accumulation, IRS-1 suppression, and subsequent muscular IR [113] . Meanwhile, the most obvious mechanism of TG lowering effect by LC is its influence on the influx of fatty acids to the mitochondria. L carnitine acts as a cofactor in (3oxidation, facilitating long chain fatty acid entrance into mitochondria in the form of acyl-carnitine esters and the exit of acetyl groups from mitochondria to the cytosol [37] . Thereby, the ability of LC to reduce muscular lipid accumulation through enhancing the mitochondrial fatty acid oxidation capacity, may be one of its important insulin sensitizing mechanisms in this rat model.
The main cellular mechanism which decreases blood glucose after glucose load is insulinstimulated glucose transport into skeletal muscle. The principle glucose transporter mediating this uptake is GLUT-4, hence it is a key determinant of glucose disposal [65] . Our results showed that GLUT 4 mRNA expression was significantly decreased in aged versus YC rats, which agree previous studies linking aging induced IR with defective skeletal muscle mRNA expression [94, 114] . Several researches reported that the level of GLUT4 mRNA expression in skeletal muscle regulates total body glucose homeostasis and correlated with muscle glucose uptake capacity and whole body glucose disposal [115, 116] . A decreased GLUT-4 mRNA level was reported in IR patients [117] . Moreover, Transgenic ablation of GLUT-4 in muscle results in IR and impaired glucose tolerance [116] . In contrast, the increase in muscle GLUT-4 protein expression enhanced insulin sensitivity in vitro [118] . Overexpression of GLUT-4 in muscle of genetically diabetic mice attenuates IR and promotes glycemic control by increasing both basal and insulin-stimulated glucose transport [119] . Accordingly, these reports denote that skeletal muscle glucose transport is a rate-limiting step for whole body glucose disposal, suggesting a role for upregulation of GLUT-4 expression in mitigating the aging induced IR.
Noteworthy, VD3 or LC administration significantly increased the GLUT-4 mRNA expression in skeletal muscle of treated -aged versus aged rats which lie in parallel with previous studies [41, 58, 120, 121] . As regarding the molecular mechanisms, VD3-induced upregulation of GLUT-4 expression, might be attributable to the increased muscle SIRT-1 levels observed herein, which in turn could up regulate IRS-1 leading to enhancement of GLUT-4 translocation from intracellular vesicles into the cell membrane [100] . Moreover, vit D3 and LC could activate AMPK either directly [41, 108] or through increasing adiponectin levels [88] . AMPK was shown to enhance GLUT-4 expression [75] and act as a signal for GLUT4 translocation from intracellular vesicles into the cell membrane which consequently increased glucose uptake inside the muscle with improvement of insulin sensitivity [122, 123] .
Conclusion:
The present study demonstrated that both VD3 and LC supplementation were equally effective in attenuating the age-related IR. This might be mediated by their anti-inflammatory effects; their partial increment of serum adiponectin levels; their up regulation to the skeletal muscle GLUT-4 expression as well as their reduction to skeletal muscle lipid accumulation. The anti-inflammatory and TGs lowering effects of LC were more prominent than VD3, while, VD3 alone could increase skeletal muscle SIRT1 levels. Nevertheless, the overall effect of VD3 and LC on IR-related parameters were nearly equal. Thus, VD3 or LC may be a possible candidate for alleviating the age-induced IR, thus may provide a possible therapeutic intervention in the elderly.
